Background: TSC1 is a negative regulator for mTORC1 that is implicated in cancer. Results: mTORC1 activation by TSC1 deletion promotes mammary tumor growth through increasing autophagy and Akt activation of tumor cells.
The mammalian target of rapamycin complex 1 (mTORC1) is a master regulator of cell growth and proliferation. Recent studies have suggested that constitutive activation of mTORC1 in normal cells could lead to malignant tumor development in several tissues. However, the mechanisms of mTORC1 hyperactivation to promote the growth and metastasis of breast or other cancers are still not well characterized. Here, using a new inducible deletion system, we show that deletion of Tsc1 in mouse primary mammary tumor cells, either before or after their transplantation, significantly increased their growth in vivo. The increase in tumor growth was completely rescued by rapamycin treatment, suggesting a major contribution from mTORC1 hyperactivation. Interestingly, glucose starvation-induced autophagy, but not amino acid starvation-induced autophagy, was increased significantly in Tsc1-null tumor cells. Further analysis of these cells also showed an increased Akt activation but no significant changes in Erk signaling. Together, these results provide insights into the mechanism by which hyperactivation of mTORC1 promotes breast cancer progression through increasing autophagy and Akt activation in vivo.
Tuberous sclerosis complex (Tsc) 3 is an autosomal dominant disease that is caused by mutations in either the Tsc1 or Tsc2 gene and is characterized by the formation of benign tumors in multiple systems such as skin, brain, lung, liver, heart, and kidney (1-3). Tsc1 and Tsc2 proteins form a complex that negatively regulates cell growth/proliferation through the inhibition of mammalian target of rapamycin (mTOR). mTOR is a large protein kinase associated with different protein partners to form two independently regulated hetero-oligomeric complexes, the rapamycin-sensitive and rapamycin-insensitive mTOR complexes (mTORC) 1 and 2, respectively (4, 5) . mTORC1 contains the catalytic subunit mTOR and its binding partners mLST8/G␤L, PRAS40, and Raptor, which have been well documented to promote the growth and proliferation of a variety of cells through the phosphorylation of two main regulators of mRNA translation and ribosome biogenesis, ribosomal S6 kinase (S6K) and eukaryotic initiation factor 4E binding protein 1 (4EBP1) (4, 6) , although a multitude of other targets have also been suggested in recent studies (7) . mTORC1 has been shown to play a major role in the regulation of autophagy by phosphorylating components of the autophagy induction machinery (8) . Autophagy is an evolutionarily conserved process involved in the degradation of bulk cytoplasmic materials via sequestering them in the doublemembraned structures called autophagosomes, followed by delivery to lysosomes for degradation (9, 10) . In addition to its essential role in a variety of physiological processes, autophagy dysfunction has been linked to many diseases, including cancer, although the underlying molecular mechanisms are not very clear at present (9, (11) (12) (13) .
Although abnormalities in Tsc/mTOR signaling are best illustrated in the development of benign tumors in many organs, recent studies have also suggested potential functions of this key pathway in the development and progression of several malignant cancers. For example, knockout of raptor inhibited mTORC1 activation and leukemia propagation (14) . Liverspecific knockout of Tsc1 led to increased mTORC1 signaling and development of hepatocellular carcinoma in mice (15) . Mice with conditional knockout of Tsc1 in prostate epithelial cells developed prostate cancer at an old age (16) . However, a potential role and mechanisms of Tsc/mTOR signaling have not been examined directly in breast cancer in vivo, although a previous study showed that overexpression of Tsc1 in a murine breast cancer cell line, 4T1, reduced their growth in nude mice by inhibiting mTORC1-mediated VEGF expression and tumor angiogenesis (17) .
In this work, we created a novel system that allows one to delete Tsc1 in primary mammary tumor cells both in vitro and in vivo in an inducible manner and demonstrated directly that deletion of Tsc1 and consequent activation of mTORC1 promoted mammary tumor growth and metastasis. Moreover, we showed that Tsc1 deletion increased glucose starvation-induced autophagy as well as Akt activation, which could promote tumor cell survival and contribute to the increased tumor growth in vivo.
EXPERIMENTAL PROCEDURES

Analysis of Human Breast Cancer Gene Expression Datasets-
Oncomine was used to examine Tsc1 expression in several human cancer datasets, including Radvanyi Breast, GSE1477 (18); Richardson Breast 2, GSE3744 (19); The Cancer Genome Atlas, http://tcga-data.nci.nih.gov/tcga/; and Curtis (20) .
Mice and Genotyping-MMTV-PyMT transgenic mice in the FVB/n background were as described previously (21) .
Tsc1
f/f mice (C57/B6 background) were provided by Dr. David Kwiatkowski (22) and were used to cross with MMTV-PyMT mice to produce Tsc1 f/f ;MMTV-PyMT mice with mixed FVB and C57/B6 backgrounds. Genotyping for the Tsc1 and PyMT alleles was performed as described previously (21, 22) . Mice were housed and handled by following the local, state, and federal regulations. The guidelines of the Institutional Animal Care and Use Committee at the University of Michigan were used in all experiments with mice.
Generation of Primary Mammary Tumor Cells Capable of Inducible Deletion of Tsc1-Primary mammary tumor cells were isolated from female Tsc1 f/f ;MMTV-PyMT mice as described previously (21) . The primary Tsc1 f/f ,PyMT tumor cells were then transduced with supernatants containing recombinant MSCV-CreERT2-puro retroviruses (Addgene plasmid no. 22776, generated by the laboratory of Tyler Jacks at the Massachusetts Institute of Technology). The cells were incubated in medium with puromycin, and the pool of infected cells resistant to puromycin selection were obtained as primary Tsc1 f/f ,PyMT,CreER tumor cells whose Tsc1 can be deleted by activation of Cre recombinase either in vitro or following transplantation in vivo.
Primary Tsc1 f/f ,PyMT,CreER tumor cells were incubated with 4-hydroxytamoxifen to activate Cre recombinase to delete Tsc1 gene or mock media to generate Tsc1 KO and Ctrl cells, respectively, which were used in most experiments. In some experiments, these cells were transplanted into the mammary fat pads of nude mice as described below. After the appearance of mammary tumors (about 2 mm in diameter), tamoxifen was injected into the recipient mice to delete Tsc1 in the tumor cells. Lastly, primary Tsc1 f/f ,PyMT tumor cells were transplanted, and the recipient mice were treated by tamoxifen in a similar manner to serve as a control for the above experiments.
Cell Multiplication, Proliferation, Apoptosis, Migration, and Invasion Assays-Primary tumor cells were seeded in 6-well plates in DMEM containing 10% FBS. The cells were harvested by trypsinization at regular intervals and counted to determine cell multiplication. For measuring cell proliferation, cultured primary tumor cells or tumor cell sections were subjected to immunohistochemical staining using antibody against Ki67 (M3060, Spring Bioscience) as described previously (21) . For detection of apoptosis, tumor sections were stained using antibody against cleaved caspase 3 (catalog no. 9661S, Cell Signaling Technology) or subjected to a TUNEL assay as described previously (21) . Cell migration assays were performed using a 48-well Boyden chamber as described previously (23) . For invasion assays, the upper chamber of a Millicell-PCF culture insert (8 m, catalog no. P18P01250, Millipore) was coated with 100 l Matrigel at 1 mg/ml and dried for 6 h at 37°C. Tumor cells in DMEM (100 l at 10 6 cells/ml) were plated in the upper chamber, and the chamber was inserted in 1.5 ml of DMEM with 10% FBS and 10 g/ml fibronectin (Sigma, catalog no. F1141) as chemoattractants in a well of 6-well plates. After incubation for 24 h at 37°C, the non-invasive cells in the upper chamber were wiped off with a cotton swab. The invasive cells on the underside of the membrane were fixed in pure methanol for 10 min at room temperature, immersed in double-distilled H 2 O, air dried, and Giemsa-stained (Sigma, catalog no. GS500) (1:10 dilution in double-distilled H 2 O) for 1 h at room temperature. Finally, the membrane was immersed in double-distilled H 2 O for 10 s, put on a glass slide, covered with a cover slide, and then cells were counted under a microscope.
Tumor Cell Transplantation, Tumor Monitoring, and Tail Vein Injection-Transplantation of primary tumor cells was performed as described previously (24) . Briefly, cells were harvested, washed twice in DMEM, and then injected (10 6 cells in DMEM with 5 g/ml Matrigel) into the no. 4 inguinal mammary fat pads of 8-week-old female athymic nude mice (The Jackson Laboratory). After tumors appeared, tumor size was monitored as described previously (21, 24) . Tail vein injection was performed to monitor experimental metastasis to the lungs of recipient nude mice as described previously (25) . The number of nodules on the surface of the lungs was counted as described previously (21) .
Amino Acid and Glucose Starvation of Tumor Cells-For amino acid starvation, tumor cells were washed twice with Earle's starvation buffer (HyClone) and then incubated in Earle's starvation buffer for various times before harvesting for analysis. For glucose starvation experiments, tumor cells were washed in glucose-free DMEM (catalog no. D5030, Sigma) and then incubated in this medium for various times prior to harvesting for analyses.
Gene Knockdown by shRNAs-Lentivirus vectors encoding various shRNAs and packaging vectors (pSPAX2 and pMD2.G) were purchased from the University of Michigan Biochemical Research Core. The shRNA vectors used in this study included shAkt#1 (V3LMM_497479) and shAkt#2 (V3LMM_497482) (both for Akt1). The shRNA vectors and the packaging plasmids were cotransfected into HEK293T cells. Two days after transfection, supernatants were harvested and passed through a sterile 0.45-m filter to remove cell debris. Primary tumor cells were infected with the supernatants containing recombinant lentiviruses and Polybrene (8 g/ml) three times every other day and then incubated in medium containing puromycin to select for pools of stable cells expressing the shRNAs.
Immunohistochemistry and Western Blot Analysis-Immunohistochemical staining using antibody against Phospho-S6 (P-S6, Ser-240/Ser-244) (catalog no. 2215, Cell Signaling Technology) was performed as described previously (24) . For Western blot analysis using various antibodies, protein lysates were prepared from tumor cells or frozen tumor tissues that had been ground with a ceramic mortar and pestle on dry ice using Nonidet P-40 lysis buffer (5 ml of Nonidet P-40, 10 ml of 1 M Tris-HCl (pH 8), 4 g of NaCl, 50 ml of glycerol, 500 ml of 1 M Na 3 VO 4 , and 435 ml of double-distilled water) in the presence of protease inhibitor mixture (Sigma, catalog no. P2714) by sonication. SDS (0.2% w/v) was added to extract insoluble proteins such as p62. Then, protein lysates were loaded on an SDS-PAGE gel to separate different sizes of proteins by electrophoresis. Western blot analyses were quantified by densitometry using the ImageJ program. The following antibodies were used in this study: LC3 (catalog no. 0231-100/LC3-5F10) from NanoTools; ␤-actin (catalog no. A5441) from Sigma; p62 (catalog no. BML-PW9860) from Enzo Life Sciences; Erk (catalog no. Sc-94) and p70 S6 kinase (S6K) (catalog no. Sc-230) from Santa Cruz Biotechnology; and Tsc1 (catalog no. 4906S), phospho-p70 S6 kinase (P-S6K) (Thr-389) (catalog no. 9205S), phospho-Erk (P-Erk) (Thr-202/Tyr-204) (catalog no. 9101S), phospho-Akt (P-Akt) (Ser-473) ( 
RESULTS
Tsc1 Deletion Increases Mammary Tumorigenesis and
Metastasis-Tsc1 and Tsc2 are well known tumor suppressors whose loss-of-function mutations lead to the formation of benign tumors in different organs (1) (2) (3) . However, the alterations of Tsc1 or Tsc2 and their potential roles and mechanisms in the development and progression of breast and other tissue malignancies are not well documented. Bioinformatics analysis of several datasets in the Oncomine databases (26) showed significantly decreased expression levels of Tsc1 mRNA in human breast cancer samples compared with that of normal breast tissues (Fig. 1A) . This correlation suggests that low or diminished Tsc1 protein expression may have a role in breast cancer development and progression.
To study the role of Tsc1 and mTOR signaling in breast cancer cells directly, we generated primary mammary tumor cells whose Tsc1 gene can be deleted in an inducible manner. The floxed Tsc1 mice (22) were crossed with the MMTV-PyMT transgenic mice model of human breast cancer (27) to generate Tsc1 f/f ;MMTV-PyMT mice, which developed metastatic breast cancer induced by the PyMT oncoprotein in a similar manner as the parental MMTV-PyMT mice (data not shown). Primary mammary tumor cells were isolated from these mice and then infected by recombinant retroviruses encoding CreER. As expected, treatment of these tumor cells with 4-hydroxytamoxifen-activated Cre recombinase, leading to the conversion of the floxed Tsc1 allele to a deleted allele (designated as Tsc1 KO cells), whereas mock treatment did not affect the floxed Tsc1 allele (designated as Ctrl cells) (Fig. 1, B and C) . Consistent with the genotyping results, Western blotting of tumor cell lysates showed a significantly diminished Tsc1 expression in Tsc1 KO cells compared with Ctrl cells (Fig. 1D) . Moreover, phosphorylation of p70 S6 kinase (P-S6K) was increased in Tsc1 KO cells relative to those in Ctrl cells, indicating the activation of mTORC1 upon the loss of the Tsc1-Tsc2 complex as a result of Tsc1 deletion in these cells as expected.
To determine the effect of Tsc1 deletion and consequent activation of mTORC1 on mammary tumorigenesis and metastasis, we first evaluated various cellular activities of Tsc1 KO and Ctrl cells in vitro. We found that Tsc1 KO cells showed a high rate of proliferation, whereas Ctrl cells multiplied quite slowly under the same culture conditions in vitro (Fig. 1E) . Staining of the cells with Ki67 (a marker for proliferation) confirmed the significantly increased proliferation of Tsc1 KO cells compared with Ctrl cells (Fig. 1F) . Interestingly, we also found increased migratory and invasive activity for Tsc1 cells relative to Ctrl cells (Fig. 1, G and H) . We next examined the effect of Tsc1 deletion on tumor growth by transplanting Tsc1 KO and Ctrl cells into the mammary fat pads of recipient nude mice. Consistent with the increased proliferation in vitro (Fig. 1, E and F), mammary tumors derived from Tsc1 KO cells grew at a significantly higher rate compared with those from Ctrl cells in the recipient mice ( Fig. 2A) . Moreover, immunohistochemical staining of tumor sections showed an increased fraction of Ki67 ϩ cells in tumors from Tsc1 KO cells compared with those from Ctrl cells (Fig. 2, B and C) , suggesting that increased proliferation may be responsible for the higher growth rate of Tsc1-null mammary tumors.
We next examined the apoptosis index in the mammary tumors. Immunohistochemical staining of tumor sections showed a significantly reduced fraction of cells positive for cleaved caspase 3 labeling in Tsc1 KO tumors compared with that in Ctrl tumors (Fig. 2D) . Likewise, a lower fraction of apoptotic cells was also found in sections of Tsc1 KO tumors compared with that in Ctrl tumors by TUNEL staining (Fig. 2E) , indicating that increased cell survival also plays an important role in the elevated mammary tumor growth of Tsc1 KO cells. Lastly, we used tail vein injection of nude mice to determine the experimental metastatic potential of Tsc1 KO and Ctrl cells. As shown in Fig. 2, F and G, a significantly increased number of metastatic nodules was found in the lungs of recipient mice injected with Tsc1 KO cells compared with those injected with Ctrl cells. Taken together, these results suggest that the deletion of Tsc1 and the consequent increase in mTORC1 signaling promotes mammary tumor development and metastasis.
Sustained mTORC1 Hyperactivation Is Required for the Increased Tumor Growth of Tsc1 KO Cells in Vivo-To exclude a potential adaptive response of Tsc1 KO cells derived from in vitro deletion of the Tsc1 flox allele in culture, we also examined the effect of deletion of Tsc1 in vivo after transplantation (Fig.  3A) . To this end, tumor cells from Tsc1 f/f ;MMTV-PyMT mice infected with recombinant retroviruses encoding CreER were mTORC1 Promotes Breast Cancer Growth in Vivo injected to the no.4 inguinal mammary fat pads of nude mice. After tumors reached a size of about 2 mm in diameter, tamoxifen (Tam) was administrated for three consecutive days to the mice to induce deletion of the Tsc1 flox allele in vivo. We found that Tam treatment of the recipient mice increased the tumor growth rate compared with vehicle treatment (Fig. 3B) , which is consistent with the observation made when Tsc1 was deleted before transplantation (see Fig. 2A ). Similarly, Ki67 staining of tumor sections showed a significantly increased proliferation of tumor cells following Tam treatment compared with vehicle treatment (Fig. 3, C and D) . We also observed an increased level of phosphorylated S6 (P-S6) in the tumors of Tam-treated recipient mice (Figs. 4, A and B) , which is consistent with the activation of mTORC1 signaling in the tumors. Western blot analysis of tumor lysates showed an increased phosphorylated Akt (P-Akt) in the tumors following Tam treatment (Fig.  4, C and D) . Lastly, mammary tumors derived from the Tam treatment group also showed reduced apoptosis compared with that from the vehicle group (Fig. 4, E and F 
To further validate whether the increased mammary tumor cell proliferation and growth are caused by hyperactivation of mTORC1, we employed rapamycin (a widely used mTORC1 inhibitor) to treat recipient mice with in vivo Tsc1 deletion and examined the effects on mammary tumor growth. As shown in Fig. 3B , rapamycin treatment significantly reduced mammary tumor growth in the recipient mice with Tam-induced Tsc1 deletion to a similar level as those in the control mice treated with vehicle alone (i.e. without Tsc1 deletion). Ki67 staining of the tumor sections also showed corresponding decreases in tumor cell proliferation by rapamycin treatment (Fig. 3, C and  D) . As expected, the elevated P-S6 level was abolished by rapamycin treatment (Fig. 4, A and B) . Interestingly, rapamycin treatment led to a further increase in the level of P-Akt (Fig. 4, C  and D) , which was likely due to the feedback activation of mTORC2 upon inhibition of mTORC1 by rapamycin. However, the lower level of apoptosis of mammary tumors from Tsc1 KO cells was not affected by rapamycin treatment (Fig. 4,  E and F) . Together, these results suggest that deletion of Tsc1 after tumor development in vivo promoted their growth and that sustained mTORC1 activation is required for maintaining the increased mammary tumor growth in vivo.
Glucose Starvation-induced Autophagy Flux Is Increased in Tsc1 KO Cells-Recent studies have suggested a role of autophagy in promoting survival and proliferation of a number of cancer cells (21, 28 -30) . Interestingly, mTORC1 has been documented to play a major role in the regulation of autophagy (8, 31) . Thus, we first examined autophagy in Tsc1 KO cells to evaluate the potential contribution of dysregulated autophagy to the increased tumor growth in our breast cancer mouse model. In growing cells, an elevated LC3-II was found both in the absence and presence of NH 4 Cl, a lysosomal inhibitor to FIGURE 1. Tsc1 is down-regulated in human breast cancers, and Tsc1 deletion increases multiplication, proliferation, migration, and invasion of primary mouse mammary tumor cells. A, microarray data of the relative expression levels of Tsc1 in human invasive breast ductal carcinoma versus normal breast tissues were extracted from Oncomine (26) . The analyzed datasets include Radvanyi Breast, Richardson Breast 2, The Cancer Genome Atlas Breast, and Curtis Breast (see "Experimental Procedures" for information on the datasets). B, schematics for the generation of Ctrl and Tsc1 KO cells as described under "Experimental Procedures." 4-OHT, 4-hydroxytamoxifen. C, genomic DNA was prepared from Ctrl and Tsc1 KO cells and then analyzed by PCR to detect Tsc1 floxed and deleted alleles. D, lysates of Ctrl and Tsc1 KO cells were prepared and analyzed by immunoblotting using antibodies against various proteins, as indicated. E-H, Ctrl and Tsc1 KO cells were analyzed for multiplication in culture (E), proliferation by Ki67 staining (F), migration using Boyden chambers (G), and invasion through Matrigel (H), as described under "Experimental Procedures." ***, p Ͻ 0.001 when compared with the value of Ctrl cells. 
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block LC3-II degradation, in Tsc1 KO cells compared with those in Ctrl cells (Fig. 5A) , indicating increased basal autophagy upon Tsc1 deletion in these cells. Moreover, the level of the autophagy substrate p62 was decreased in growing Tsc1 KO cells compared with Ctrl cells. P62 accumulated to a similarly higher level in both Tsc1 KO and Ctrl cells in the presence of NH 4 Cl, suggesting that the reduced p62 amount was caused by the increased basal autophagy in Tsc1 KO cells.
To further explore the underlying mechanisms of increased autophagy in Tsc1 KO cells, we analyzed LC3-II levels as well as the calculated autophagy flux (defined as the value of LC3-II/ actin in the presence of lysosomal inhibitor divided by LC3-II/ actin in the absence of the inhibitor) (32) in these cells in response to amino acid or glucose starvation. We found that amino acid starvation-induced autophagy was decreased in Tsc1 KO cells compared with that in Ctrl cells, as measured by the accumulation of LC3-II in the presence of NH 4 Cl (Fig. 5, B and C) as well as by calculated autophagy flux (Fig. 5D) , which is consistent with previous observations of negative regulation of autophagy by mTORC1 under nutrient depletion conditions (31) . Interestingly, however, the autophagy activity as well as the autophagy flux induced by glucose starvation was increased in Tsc1 KO cells compared with that in Ctrl cells (Figs. 6, A-C) . Moreover, we found that although amino acid starvation caused comparable levels of apoptosis in Ctrl and Tsc1 KO cells, glucose starvation-induced apoptosis was suppressed significantly in Tsc1 KO cells compared with that in Ctrl cells (Fig.  6D) . Similarly reduced apoptosis was also found in growing Tsc1 KO cells compared with Ctrl cells (Fig. 5A) , which is also consistent with the reduced apoptosis in tumors derived from Tsc1 KO cells (see Fig. 2, D and E) . Together, these results suggest that, under growing conditions, Tsc1 deletion and consequent mTORC1 activation in mammary tumor cells resulted in increased autophagy, which could contribute to the elevated tumor cell survival and growth by decreasing cellular stressinduced apoptosis. 
Role of Akt Activation in the Increased Mammary Tumor
Growth upon Tsc1 Deletion-To examine other potential downstream signaling pathways that may play an important role in the increased tumor growth of Tsc1 KO cells, we analyzed the activation status of Erk and Akt in mammary tumors derived from Tsc1 KO and Ctrl cells in the recipient mice. Analysis of tumor lysates showed slightly (except one with a much higher level), but statistically not significant, increased Erk activation in tumors from Tsc1 KO cells compared with those from Ctrl cells without Tsc1 deletion (Fig. 7A) . In contrast, significantly increased Akt activation was found in Tsc1 KO tumors compared with that in Ctrl tumors. Consistent with results obtained from tumor samples, we also observed increased Akt, but not Erk, activation in primary Tsc1 KO cells compared with Ctrl cells (Fig. 7B) . The increased Akt activation in Tsc1 KO cells was also observed under amino acid-and glucose-starved conditions (Fig. 7, C and D) , although the elevated P-S6K in these cells was only found under growing and glucose-starvation conditions but not in amino acid starvation condition (Figs. 7, C and E, and 1D) . We next examined the potential role of the elevated Akt signaling in the increased survival by employing lentiviral shRNA to deplete Akt in Tsc1 KO cells. As shown in Fig. 8A , infection of Tsc1 KO cells with lentiviral vectors encoding shRNA targeting two different Akt sequences both reduced the expression and phosphorylation of Akt in these cells. Inhibition of Akt signaling by knockdown significantly increased apoptosis of Tsc1 KO cells (Fig. 8A, bottom two  panels) and also decreased the elevated multiplication of these cells (B). Together, these results suggest that increased Akt signaling and tumor cell survival also contribute to the promotion of mammary tumor growth by Tsc1 deletion and consequent mTORC1 activation in vivo. 
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DISCUSSION
Loss-of-function mutations in Tsc1 or Tsc2 and consequent activation of mTORC1 signaling has been implicated in a variety of diseases, including the development of benign tumors in different organs (1) (2) (3) . Recent studies also showed that mTORC1 is frequently hyperactivated by overexpression of its upstream positive regulator Rheb in human cancers (33) , suggesting that activation of mTORC1 might play a key role in the rapid growth of human cancers. Interestingly, our bioinformatics analyses showed that, in human breast carcinoma, Tsc1 expression is significantly lower compared with that in normal breast tissues, raising the possibility that Tsc1 down-regulation also contributes to hyperactivation of mTORC1 in breast cancers. By generating and analyzing a unique model with inducible deletion of Tsc1 in mouse primary mammary tumor cells, we show here a novel mechanism showing that deletion of Tsc1 and consequent activation of mTORC1 promotes mammary tumor growth through increased autophagy under glucose starvation conditions as well as increased Akt activation.
Recent studies suggested that both the mTORC1 and mTORC2 complexes regulate a variety of downstream pathways and cellular activities (34) , which could conceivably promote mammary tumor growth as observed in our studies. However, as rapamycin could fully reverse the increased growth of Tsc1-null tumors, hyperactivation of mTORC1 likely play a major role in the increased mammary tumor growth and metastasis in the recipient mice. It is well known that mTORC1-mediated phosphorylation of S6K and 4EBP1 promotes protein translation and cell growth, which are important in proliferation of many normal and cancer cells (6, 35, 36) . This study suggest the additional interesting mechanism that elevated activation of Akt signaling and increased survival of Tsc1-null mammary tumor cells is also important for the increased progression and metastasis of these cells. These results are consistent with previous observations that Akt1 deficiency inhibited breast cancer proliferation and migration (37) and that Tsc1 and Tsc2 were down-regulated, whereas Akt1 was up-regulated, in human oral squamous cell carcinoma (38) . . They were then analyzed by immunoblotting using antibodies against various proteins, as indicated. C-E, Ctrl and Tsc1 KO cells were subjected to amino acid (AA) (i.e. incubation in Earle's starvation buffer) or glucose (i.e. incubation in glucose-free DMEM) starvation for 24 h, as indicated, as described under "Experimental Procedures." Lysates were then prepared and analyzed by immunoblotting using antibodies against various proteins, as indicated. Representative results are shown in C. The intensities of the P-Akt, Akt, P-S6K, and S6K bands were determined from three independent experiments by densitometry. The means Ϯ S.E. of the relative ratio of P-Akt/Akt and P-S6K/S6K (normalized to Ctrl cells without starvation) are shown in D and E, respectively. NS, not significant; *, p Ͻ 0.05 when compared with the value of Ctrl cells.
Although the precise mechanisms are not well understood at present, our results also suggest a role for the altered autophagy in mediating cell survival under glucose starvation conditions in Tsc1-null tumor cells, which likely contributes to their increased survival in vitro and tumorigenicity and metastasis in vivo. Autophagy has been shown to play dual roles in either suppressing or promoting tumorigenesis and progression in previous studies (21, 28, 29, 39, 40) , which are likely dependent on the context of the stage of cancer progression, types, or other factors. Consistent with previous studies (31), we found that Tsc1 deletion and consequent mTORC1 hyperactivation reduced amino acid starvation-induced autophagy in Tsc1-null tumor cells. Surprisingly, however, we found that glucose starvation-induced autophagy was elevated in these cells. More importantly, Tsc1-null tumor cells exhibited increased autophagy under growing conditions, likely caused by the rapid uptake of glucose during the growth of cancer cells that might lead to "glucose starvation," even in growth medium, because of the addiction of cancer cells to glucose uptake and aerobic glycolysis (i.e. the Warburg effect) (41, 42) . These results are consistent with previous findings that autophagy increased tumor cell growth (21, 28, 29, 43) . Future studies will be required to investigate the interesting possibility that Tsc1 deletion in mammary tumor cells may promote Akt phosphorylation by a novel mechanism through the increased autophagy under glucose starvation and/or other stress conditions in these cells.
Previous studies using breast cancer cell lines demonstrated that loss-of-function Tsc1 mutation stimulated cancer progression by up-regulation of VEGF production to induce tumor angiogenesis (17) . Although our studies focused on an intrinsic role of mTORC1 hyperactivation in the promotion of mammary tumor cell proliferation in Tsc1-null tumor cells, potentially increased tumor angiogenesis in the recipient mice could also contribute to increased breast cancer growth and metastasis in vivo. Although future studies will be necessary to fully understand the mechanisms, these results provide further support for targeting Tsc/mTOR signaling in cancer therapy because they may be very effective by blocking both tumor cell growth and tumor angiogenesis through intrinsic and autocrine functions of hyperactivated mTORC1. 
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